Background Body mass index (BMI) tends to be higher among shorter adults, especially women. The dependence of BMI-height correlation on age and calendar time may inform us about temporal determinants of BMI.
Introduction
Body mass index (BMI) relates weight to height in a normalized index that was first published in Quetelet's 18th Century treatise on 'the average man'. 1 BMI is defined as weight (in kilograms) divided by height (in metres) squared. As an individual's height and weight can be readily and inexpensively measured, BMI has become a popular heuristic approximation for body fatness in epidemiology and clinical practice. The World Health Organization defined BMI-based fatness categories of underweight (BMI , 18.5 kg/m 2 ), normal weight (18.5 -24 .9 kg/m 2 ), overweight (25.0 -29.9 kg/m 2 ) and obese (30.0 kg/m 2 ). 2 Excess body weight (overweight and obese) is a major risk factor for mortality and morbidity from cardiovascular disease, 3 type 2 diabetes 4 and incident cancer, 5,6 causing 3 million deaths each year worldwide. 7 National surveys show that adiposity, as measured by BMI, has increased over the past decades in many populations across the world. 8 However, the rising trends have slowed down since approximately 2000 in England 9 and other countries. 8, 10 BMI is not a measure of body fat amount or distribution. Much debate has argued that other anthropometric measures, such as waist circumference and waist-to-hip ratio, are better predictors of disease outcome compared with BMI, 11, 12 though recent meta-analyses suggest that these measures are no more informative than BMI for cardiovascular disease 3 or type 2 diabetes. 4 In adult population studies, there is little debate about the relationship of weight to height, but this should be questioned where height is a risk factor for disease, for example, in breast cancer among women. 13 When using BMI, it is commonly assumed that: 14 (i) BMI is strongly correlated with weight, but independent of height; and (ii) BMI correctly captures the relationship between weight and height. This may not be true, particularly at earlier points in the life course. We showed that BMI had been rising more in the taller (faster growing) 3 year olds than in their shorter peers, suggesting a causal drive to increasing adiposity in young children that involves both growth and appetite. 15 Others showed similar non-independence of height and BMI among 7 -12 year olds. 16 In 1971, Benn described BMI's fundamental statistical relationship as ðWeight=Height PÞ where the height power P (termed the Benn Index) is estimated by log -log regression. 17 Specific examples for the value of the Benn Index include the Ponderal Index (or Rohrer Index) 18 where P ¼ 3, the Human Body Shape Index where P ¼ 2.8, 19 and the standard BMI calculation or Quetelet index where P ¼ 2. Many studies in the paediatric literature have shown that the value of the Benn Index varies with gestational age 20 and during childhood development. 21 -23 Research in adults suggests that BMI is negatively correlated with height, especially in women. 14 In this study, we seek to extend previous research in two ways. First, we examine the impact of age on the BMI -height relationship between ages 16 and 75 years. Second, recognizing the increasing prevalence of overweight and obesity in England over the past two decades, 24 we explore whether or not the BMI -height relationship has changed over this time period. Methodologically, we extend to an adult population our analyses of the BMI -height relationship in young children 15 and determine whether this relationship differs by gender, by age group, and over time, and explore for influences of potential confounders, such as smoking and income.
Methods and procedures

Data source
The Health Survey for England (HSE) is a series of annual cross-sectional surveys, piloted in 1991 and run in full since 1992, to monitor the health of the English population. The survey methodology follows a multistage, stratified probability sampling design and originally had a sample of 4000, but this was increased to around 16 000 in 1994. A fresh sample of participants is invited each year by selecting private households at random in a geographically dispersed sampling frame. Socio-demographic information and height/weight measurements were collected using standardized procedures by trained interviewers at the homes of participants. Weight is measured to the nearest 100 g using electronic scales after removal of shoes or bulky clothing (participants were not weighed if they were pregnant, unsteady on their feet or chairbound). Height, to the nearest millimetre, was measured using a portable stadiometer. Previous surveys reported on average 70% of households agreed to an interview, and BMI was available from around 90% of those interviewed-with some variation by year and region. 25, 26 We have previously considered missingness of height/ weight/BMI values in HSE and shown that there is slightly more missingness in later survey years, but there are no discernible differences between missing and non-missing cases for age, socioeconomic status, educational status, smoking status and income classes, i.e. it is robust to assume that BMI values are missing completely at random within gender. 9
Data capture and inclusion criteria
We created a Health Survey for England dataset from 1992 to 2011, available for download from http://ukdataservice.ac. uk. We included only individuals where both a valid height and weight measurement were recorded. We restricted the sample to represent an adult population that we defined as age 16 and ,75 years. Those who were considered by the interviewer to have unreliable measurements were excluded from the analysis. We excluded 'boost samples' and did not apply survey weights, as these were only introduced in 2003, and the HSE is generally believed to be representative without applying these weights. We extracted the core variables of person identifier, year, age and validated (with height and weight) BMI, together with smoking status and equivalized household income for sensitivity analysis.
Statistical analyses
The relationship between height group (by quartile) and BMI was first explored graphically by gender and calendar time; simple regressions were used to assess the dependence of BMI on height, stratified by gender. An F test was used to test for an interaction between height quartile and gender in a regression model with BMI as the outcome and height quartile, gender, and their interaction as predictors.
We then used a more complex regression model to investigate interactions and non-linear effects, in which log(weight) was taken as the response and regressed on log(height) as a continuous variable. We fitted separate models for males and females; we corrected for age and calendar time and allowed interactions between them. The variable log(height) was constrained to be linear, but age and calendar time were allowed to have non-linear effects. The key output was the log(height) coefficient-the Benn Index-which can vary according to the other covariates through its interactions.
The model fitting procedure was as follows. For each gender, we first fitted a model constrained to be linear in log(height), with fractional polynomial terms 27 for age, calendar time and the interaction between age and calendar time. The choice of fractional polynomial terms was made using the iterative procedure of Sauerbrei and Royston. 28 We then considered potential interaction terms between log(height) and each selected fractional polynomial term for inclusion in the model, using forward selection. Analyses were carried out using R, 29 with fractional polynomials fitted using the mfp package. 30 Table 1 shows demographic characteristics for each year of the HSE (1992 -2011). As previously reported, we observed that the mean BMI and mean age increased per survey year in men and women, with this increase slowing down after 2001. 9 Mean height increased per survey year in men (0.044 cm per year, P , 0.001) and in women (0.033 cm per year, P , 0.001); see Supplementary data, Figure S1 . The correlation between height and BMI is r ¼ 20.07 in men and r ¼ 20.14 in women; more details of correlations between height, weight and BMI over time are given in Supplementary data, Table S1 . Figure 1 shows the rise in BMI that occurred between 1992 and 2011 for both men and women, stratified by height quartile. Women's height groups have a much larger and more consistent separation of their BMI trajectories than men. Tall women had lower BMI, on average, compared with short women. For the tallest quartile of men compared with the shortest quartile, mean BMI was 0.77 kg/m 2 (95% CI [0.69, 0.86], P , 0.001) lower; for the taller women, the corresponding difference in mean BMI was more than two and a half times larger at 1.98 kg/m 2 (95% CI [1.89, 2.08], P , 0.001); results for all of the height groups are detailed in Table 2 . The F test on the combined regression model demonstrated that the interaction between gender and height quartile was statistically highly significant (P , 0.001). Sensitivity analyses of these BMI differences stratified by smoking status and income are shown in Supplementary data, Table S2 .
Results
Exploratory analyses
Trends in Benn Index
We then fit the log(weight) against log(height) regression models. Technical details of final fitted models are given in Supplementary data, Tables S3 and S4 . We examined the weight -height relationships over age and gender (Fig. 2 )setting the year to 2011. The Benn Index was slightly ,2 in men, and much ,2 in women. This suggests a stronger gradient between BMI and height in women (taller women tending to have lower BMI). In men, the Benn Index decreased further from 2 with increasing age (linear trend, P ¼ 0.005), suggesting a strengthening of the above relationship with age. In women, the Benn Index followed a quadratic relationship with age (P , 0.001), with the relationship strongest around middle age. We then explored period effects of the weight -height relationships ( Fig. 3) -setting age to 45. There is no change over calendar time in the male Benn Index (the term for this is selected out of the model). There is a slight decrease of the Benn Index over time for women; however, a test of linear trend is not significant (P ¼ 0.22).
Sensitivity analyses
We performed sensitivity analyses taking account of the potential influences of smoking and income status (Supplementary data, Figures S2 and S3 ). Patterns were generally similar, although Benn indices were slightly larger in current smokers, particularly in men. There was little effect of income status on Benn indices.
Discussion
Main finding of this study
Height is inversely associated with BMI in adults. This relationship is larger in women and has generally increased with age. We established this with data from the Health Surveys for England (1992 -2011) and analysis of the relationship between BMI and height for adults (aged 16 -75) using regressions with log(weight) as the response and log(height) as the predictor, with age, gender and calendar time as additional predictors, allowing for interactions and non-linear terms, and exploring the influence of smoking and other potential confounders.
What is already known on this topic BMI is a popular approximation of body fatness, purporting to correct for the relationship between weight and height. However, in pre-pubertal children, there is a positive association between BMI and height (taller ¼ higher BMI), 15, 16 while in adults, there is a negative association between BMI and height, particularly in women. 14 The relationship between BMI and height has been studied in detail in children; 20 -23 for adults, it is not clear how the BMI -height association relates to age, or whether it has changed over time.
What this study adds
The excess of weight-for-height among shorter people is negligible in early adulthood (16-20 years) , particularly in men, then increases with age. This suggests an inversion of the BMI-height relationship around puberty. There is little evidence of this changing over calendar time, despite the growing levels of obesity.
Examining changes over time in BMI at the population level conflates not only the constituent fat and lean mass factors but also the dynamics of linear growth, stature, adiposity and skeletal musculature. To understand the implications of our findings, the time trends in linear growth and stature must be considered alongside time trends in adiposity, with a life-course perspective.
In early life, greater maternal pregnancy weight gain, 31 higher birth weight 32 and faster growth (as measured by taller stature) 15, 16 are associated with higher BMI before puberty. Then higher BMI is associated with earlier onset and completion of puberty and an impaired height gain during puberty. 33, 34 One explanatory mechanism is higher adiposity driving skeletal maturation through its effects on oestrogen metabolism, which applies to boys 35 as well as girls. However, there is a divergence between the sexes around puberty in their linear growth and overall development in relation to adiposity. 36, 37 The eventual effects of pubertal overweight and obesity on adult attained height are inconsistent in boys, but in girls there appears to be an inversion of the BMI -height association. 38 So, at the population level, successive cohorts experiencing an increasingly obesogenic environment might show: (i) increasing sexual dimorphism in the BMI -height association and (ii) increasing average attained height if rising determinants of early growth override the accelerated skeletal maturation of high adiposity. Our results are consistent with this explanation. There is, however, a complex nexus of different causal pathways to consider, which is beyond the scope of this research.
In clinical terms, our findings add further caution to the use of BMI as a proxy for adiposity, as it has different meanings between adults of different statures and between the sexes, with an underlying dynamic that most likely applies across the life course. In public health terms, we have shown that the comparison of weight-for-height between heterogeneous groups, and over time, may require more detailed statistical modelling than simple mean BMI contrasts. Subject to further research, there may be a need for more targeting/adaptation of healthy weight promotion by sex and stature.
Population summaries of BMI represent a heterogeneous mix of weight-for-height relationships that cannot be reduced to Quetelet's kg/m 2 . The bases of these relationships may vary across the life course and by sex. Exploring the nexus of potential causality in the BMI -height associations may reveal some useful targets for tackling obesity.
Based on the findings here and our previous findings in young children, 15, 39 we hypothesize that the BMI trajectory is dependent on height, with taller individuals gaining more weight in childhood and shorter individuals accumulating more weight throughout the life course. This will need to be tested in cohorts with height and weight measured from childhood to old age, ideally at different phases of calendar time with a variety of obesogenic environments acting across the life course. There is a need for more collective, cross-cohort research in this regard.
Limitations of this study
A limitation of the study is that the data are cross-sectional only; therefore, we cannot study how BMI changes within individuals. In particular, we cannot easily distinguish empirically from our data whether differences in the BMI and height relationship by age are a result of age, period or cohort. We are also basing our analysis on subsamples where BMI measures were available; this may introduce bias if BMI measures are not missing at random; however, we have previously proved this to be unlikely with data from this survey series. 9 From serial cross-sectional health surveys, we cannot determine whether the findings in this work and elsewhere represent evidence of a causal relationship between height and adiposity, or simply reflect the heterogeneity of BMI as an adiposity measure (across populations, the life course and calendar time). In addition, the direction of possible causality in BMI-height relations may not be the same across the life course.
However, a strength is the use of a large annual survey with comparable sampling and measurement of the English general population over the past two decades. 26 We have also used refined statistical modelling techniques to examine the changing relationships between height and BMI according to age, gender and calendar time.
Conclusion
BMI does not reflect the same adjustment of weight to height between the sexes or across age groups. This heterogeneity of BMI must be considered in public health research and surveillance. Longitudinal studies across a variety of cohort samples, populations and environments are needed to investigate whether or not BMI has a meaningful life-course trajectory.
